London's theory of adiabatic chemical reactions, in particular atom reactions, is further developed. The dependence of the total binding energy of individual atom pairs on interatomic distance is derived from optical data and corrected for Coulomb contributions using the Heitler-London approach. As examples serve collinear reactions of the systems
London's theory of adiabatic chemical reactions, in particular atom reactions, is further developed. The dependence of the total binding energy of individual atom pairs on interatomic distance is derived from optical data and corrected for Coulomb contributions using the Heitler-London approach. As examples serve collinear reactions of the systems H + H 2 para → H 2 ortho + H, H + HBr → H 2 + Br, H + Br 2 → HBr + Br .
The course of the reaction is represented by the motion of an image point in the field of the binding energy of the atomic system depending on interatomic distances plotted in a spatial diagram. According to F. London 1 the possible course of chemical reactions can be considered as an adiabatic interaction, whereby the energy of the system varies continuously with interatomic distances. He explicitly derived such energy functions for the simplest case of a reaction involving three or four single valence atoms of the type
or VX + YZ → VY + XZ . Following London's arguments, one may express the energy of such systems for each spatial configuration of the atoms in terms of the energy function of the diatomic molecules that can be formed by pairwise combination of the reacting atoms. When two molecules of HI react, e. g., according to 2HI → I 2 + H 2 at every stage of the reaction the energy can be expressed as a function of the six interatomic separations, if the respective energies of the individual molecules HI, H 2 , and I 2 are known as a function of internuclear distance. For a more rigorous application of London's expressions (though being approximate themselves) one needs to know the contribution of the actual valence ("resonance") energy, or rather how much -after subtracting the latter -has to be considered as "Coulomb energy". 2 The expressions for the respective energies are as follows:
For a reaction of type 1 an arbitrary configuration of atoms X, Y, Z is determined by the distances a, b, c (Fig. 1) . Further, the energies of the imaginary isolated diatomic molecules ZY, XZ, XY are denoted by ε(a), ε (b), ε(c) .
Consequently, the energy of each of these molecules has to be considered as the sum of a Coulomb term, A(a), B(b) 
, C(c) and the corresponding valence energy α(a), β(b), γ(c) ε(a) = A(a) + α(a) ε(b) = B(b) + β(b) (3) ε(c) = C(c) + γ(c)
and the total energy of the system W abc is given by the (approximate) equation
In case of a type 2 reaction a complete description of an arbitrary spatial configuration of the four atoms requires the six atom pair distances VX, YZ, XZ, VY, VZ, XY which in Fig. 2 are denoted as a 1 , a 2 , b 1 , b 2 , c 1 , c 2 , respectively. Again, the total energy emerges as a function of the energies of the individual diatomic molecules that can be formed by pair-wise combination of the reacting atoms. In addition to six valence contributions α 1 (a 1 ), α 2 (a 2 ), β 1 (b 1 ), β 2 (b 2 ), γ 1 (c 1 ), γ 2 (c 2 ) there appear the Coulomb terms A 1 (a 1 ), 2 At this stage we neglect the zero point energy, which will be taken into account by a corresponding correction in the next section.
Fig. 2.
A 2 (a 2 ), B 1 (b 1 ), B 2 (b 2 ), C 1 (c 1 ), C 2 (c 2 ), which altogether yield the following expression for the total energy
Knowing the energy as a function of atom distances basically it is possible to calculate the activation energy for each possible reaction of the system: the initial and final chemical state correspond to respective energy minima separated by a chain of energy hills inhibiting the reactivity. It is the lowest energy transition surpassing this mountain range that defines the activation energy. In principle, therefore, the activation energy could be determined by examining all possible pathways leading from the energy well of the initial to that of the final state to find out to what extent the energy rises along each path. The true reaction path would then be the one which surpasses the energy landscape at the lowest elevation, and the activation energy would equal the value of the energy maximum along this path.
Searching all possible paths appears to be a rather laborious task at first. For four atoms one would have to vary six coordinates in all possible ways, and even for the simplest case with only three reacting particles, one would have to represent the energy as a function of three coordinates in four dimensional space. It is of major importance for the practicality of the theory, therefore, that there are cases for which by general reasoning one can set limits to the region in which to look for paths of lowest activation energy. For a three atom reaction this was accomplished by London who could prove, that such reactions have the lowest activation energy when the three atoms encounter along a straight line (Fig. 3) .
For a reaction of only three atoms the number of independent variables of the energy dependence hence reduces to two, as along the path of minimum activation energy one has b + c = a, which allows us to visualize the energy as a function of b and c in a spatial diagram. The present communication deals with the construction of such spatial energy diagrams for three reactions, in which an H-atom reacts with different diatomic molecules according to the scheme H + XZ → HX + Z. We in turn chose the cases XZ = H 2 , XZ = HBr, and XZ = Br 2 , i. e. the reactions: The assessment of this sequence of similar examples, which at the same time exhibit significant variation in relevant energies and masses, is intended mainly to deepen our insight into the adiabatic reaction mechanism. It is not our aim to come to a decision whether these reactions or chemical reactions in general in reality proceed adiabatically.
The fact that at the end of this more detailed investigation we will find the adiabatic assumption quite adequate to explain the extremely rapid course of these three reactions (as well as the high reactivity of free atoms and radicals as such) undoubtedly supports the adiabatic picture, but the agreement remains inconclusive as it lacks quantitative character.
Apart from that, the significance we ascribe to the adiabatic mechanism is enhanced by the fact that we cannot view the suggestion of a quantum jump like course of chemical reactions as a satisfactory description.
The first attempt of this kind by Villars 3 rests upon an assumption about the arrangement of the reacting molecules, for which a reaction is not feasible at all. The reasonable implementation, however, in which Franck and Rabinowitsch 4 describe the chemical reaction as a "radiationless transition", to us seems to provide downright evidence for a decisive contribution of adiabatic interactions if followed up quantitatively.
Let us take a look at the best known bimolecular reaction H 2 + I 2 → 2HI and assume (the most favorable case) that the entire activation energy of ca. 40 kcal is taken up by the vibrations of the H 2 -molecule which expands as a consequence; the distance between the two H-atoms increases to about 1.3 Å at most. On the other hand, no molecular lattice can be found, where adjacent atom layers belonging to distinct molecules are as close as this to each other. Consequently, if the H-atoms of two activated HI-molecules collide at such short distances to form H 2 and I 2 , this proves that the activation energy not only extends the molecules, but at the same time decisively helps to remove intermolecular repulsive forces along the reaction path.
This phenomenon -that stretching a homopolar molecule decreases the repulsive wall separating it from neighboring particles -is a fundamental result of London's theory that has not been provided by any other approach yet. The proof that activation to a large extent results in a reduction of repulsive forces, therefore, speaks for the applicability of this theory. Similarly, the exceptionally high reactivity of free atoms and radicals mentioned above, for which so far the adiabatic mechanism provides the only explanation, may act as a criterion for its actual significance.
Components of the heat of activation
In the work that we referred to above, F. London tried to reduce the energy expression (4) by adequate approximations to a form containing only experimentally acces-sible quantities. For this purpose he neglected terms of two types. First, he set the Coulomb terms to zero, A, B, C = 0. Second, he neglected the exchange term α resulting from the interaction of the two outer atoms. One obtains the result that the top of the energy barrier, W β , is reached at the point where γ equals β/2. The heat of activation was determined as the difference between the valence energy β 0 of the XZ-molecule in the initial state and the energy height W β , |β 0 | − W β = 0.13.
The value calculated in such a way for the heat of activation we choose to call "β-activation energy" here. In addition to this "β-component", however, significant contributions to the heat of activation come from the two neglected quantities, the energies provided by the α-term and the Coulomb terms, as we will show in the following. The former causes an increase of the activation energy and as such could be called its "α-part" or "α-activation energy". The latter leads to its decrease and might be called the Coulomb subtraction from the activation energy.
These three contributions are complemented by a fourth term if one takes into account the zero point energy, as also the zero point energy changes in a chemical reaction. Consequently, to determine the activation energy one has to consider the mountain range of the total energy given by the sum of potential and zero point energy. We will see later, that this fourth contribution always reduces the activation energy, though it does not make a big difference.
Further outline of the paper
In order to represent the energy surface of completely collinear reactions (Fig. 3) , we would have to know the dependence of the resonance energy and the Coulomb energy on the three atom distances b, c, and b + c = a and then, based on expression (4 ), follow the behavior of the zero point energy along the surface and add it to W abc at every point.
Unfortunately, our knowledge of the functions A, B, C and α, β, γ is quite limited, as they are known only for the atom pair H-H, and even in this case only to a fairly rough approximation. To proceed in spite of these shortcomings, in a first step we will assume that the total binding energy of the respective atom pairs consists of resonance energy only. The activation energy we will calculate in this way just contains β-and α-contributions and neglects the Coulomb subtraction as well as the reduction due to zero point energy. Also the β-and α-contributions will be too large because we omit the Coulomb part. Hence, our result will be an overestimate in many respects. In a second step -in order to deal with more assessable aspects first -we will discuss zero point energy, followed, third, by a (renewed) treatment of the reaction of three H-atoms based on the theoretical calculation of Coulomb and resonance energy curves by Heitler and London. In the subsequent fourth section we will use these results in an attempt to correct the activation energy obtained in steps one and two. In the final fifth section we will discuss the dynamics of the reaction, i. e. the interplay of forces and momenta during the adiabatic process, and address in particular the question, to what extent kinetic and vibrational energy contribute to the activation energy.
Energy surfaces to first approximation

a) Energy curves of atom pairs
The approximation we want to apply at first consists, as just indicated, in considering the total binding energy as resonance energy. If we denote the binding energies of the three atom pairs in question as m(b), n(c) and l(b + c), the energy surface we want to investigate according to (4 ) is given by
Following a suggestion by H. Eyring 5 , we will extract the functions l, m, n from band spectra, using the approximate equation of P. M. Morse 6 which gives the binding energy of a diatomic molecule as
The potential dissociation energy D (= sum of heat of dissociation and zero point energy) of the relevant diatomic molecules (H 2 , HBr, Br 2 ) is known. The values of k according to Morse may be determined form the known anharmonicity constants b via
where M denotes the reduced molar mass of the atoms,
. Finally we know the normal internuclear distance r 0 of the diatomic molecules, such that Eq. (6) offersas far as its approximation holds -a practical tool to determine the binding energy as a function of internuclear distance r.
For the three reactions we envisage in our calculation
we just need the three energy curves (as we may neglect the difference between orthoand para-hydrogen) of H-H, H-Br, and Br-Br. These curves, which are plotted in Fig. 4 , were calculated according to Eq. (6) using the parameters listed in Table 1 . The constant k for H 2 was calculated from b by Eq. (7), for HBr and Br 2 from ν and D using
For the latter two molecules we desisted from a direct calculation using anharmonicity constants, because these were not known at all (HBr) or of insufficient accuracy (Br 2 ). We may get a clue to judge the approximation provided by Eq. (6), when we compare the k-values for hydrogen obtained from Eqs. (7) and (8). The first value -listed The table contains the following: U = total dissociation energy ν = fundamental frequency b = anharmonicity constant M = half the harmonic mean of atomic weights r 0 = normal internuclear distance η = zero point energy D = potential energy of bond k = constant from Eq. (6) in the table -is 2.09, while the other amounts to 1.98. The deviation is so small that it may be neglected. For Br 2 one would calculate k = 1.7 from Eq. (7).
b) Constructing energy surfaces to first approximation
At first, we show in Fig. 5 the resonance energy surface for the reaction H + H 2 → H 2 + H, constructed on the basis of Eq. (4 ), i. e. neglecting the Coulomb terms. It is a small scale plot covering large distances, where b and c (see Fig. 5a ) vary from 0 to 5 Å, extending far beyond the impact range of valence forces. Therefore at the right and upper borders of the figures we deal with practically completely separated entities H + H 2 and 3H, respectively. The part relevant for the reaction is compressed into a small area surrounding the point b = c = 1 Å with a radius of about 0.5 Å. We will look at this region using appropriate magnification in the next section, but for now we will focus our discussion on the wider frame embedding the central reaction part. As the energy difference between ortho and para hydrogen because of its smallness may be neglected, the final state differs in no way from the initial state and the graph is symmetric with respect to the 45
• diagonal (dot-dash line). Just for the sake of definition, we chose as initial state the one where c is very large and b = b 0 = 0.75 Å attains the normal atom distance in the hydrogen molecule, whereas the final state has b very large and c = c 0 = 0.75 Å. These two states are located at the bottom of the two energy valleys that one finds at a distance of 0.75 Å extending to infinity parallel to the coordi-nate axes. The valley floor at infinity is taken as the energy zero, such that the numbers at the contour lines give the values of the function |D| − W abc .
With these definitions the activation energy is nothing else but the height of the transition point between entrance and exit valley. In the following we assume (without examining for now if it is dynamically feasible) that the path the reaction takes has to lead along the trajectory orthogonal to the contour lines from the base of the entrance valley across the top of the pass (indicated by the dashed arrow "reaction line" in Fig. 5 ). As can be seen, the highest point of this "reaction path" is situated at b = c = 0.95 Å.
A steep energy wall ascends from this reaction line towards the coordinate axes, arising from repulsive forces between the atoms. At the opposite side, towards the center region, the energy rises as well yet more gently, as work has to be performed against the weaker attractive forces. Between these two mountain faces the two valleys extend slowly rising towards the diagonal, where they merge forming a saddle point.
The large central plateau, on the other hand, marks the region where the three atoms are completely separated and the energy equals D. At the opposite side of the reaction line, which corresponds to a bond compression, the energy should approach infinity towards the coordinate axes. However, it rises to just about 0.9 D before actually decreasing again. This indicates a failure of the underlying approximation. In later examples this decrease is going to cause serious difficulties, and we will have to bear in mind that the diagram is not valid in the corresponding region and restrict ourselves to the complementary part of the figure.
For a better understanding of the concept of "reaction path" that we introduced in a preliminary fashion and as a preparation of later applications of the contour plot, we would like to add the following clarification. Moving the image point parallel to a coordinate axis corresponds to an exclusive variation of either b or c, meaning that the distance between the central atom and one of the outer atoms has changed while the other remained constant. Any motion askew to the coordinate axes is equivalent to a simultaneous variation of both distances b and c. Consequently, if the image point in Fig. 5 starts from the initial state at infinity and follows the reaction line, as long as it moves parallel to the c-axis this means that an H-atom approaches the H 2 -molecule in the direction of the molecular axis without affecting the molecule in any way. Only at the point where the reaction path begins to deviate from this direction, the approach of the atom towards the attacked molecule starts to cause a lengthening of its internuclear distance. As soon as this "inductive action" 7 becomes noticeable, the rise of the valley bottom sets in and the climb up the valley continues until the activation energy at the saddle point region is reached and the two atom separations have become equal, while all along the curvature of the path is increasing.
This symmetric transition state is depicted in Fig. 6 . The two distances are approximately b = c = 0.95 Å compared to a normal distance of 0.75 Å in the H 2 -molecule.
In order to facilitate reading out the energy of the transition state we present an enlarged plot of the saddle point region in Fig. 7 : there we determine an energy value of 30 kcal. Evidently, taking into account the interaction of the two outer atoms in terms of the expression l(b + c) contributes significantly to the heat of activation. The β-component, which would determine the activation energy in the absence of the α-term, just gives a value of 14 kcal (corresponding to 0.13 D). Also, the reaction mechanism would be quite different if one omitted the α-term: neglecting l(b + c) one obtains from Eq. (4 ) for the diagonal (as b = c):
Instead of the saddle point there would be an energy well with its bottom at the same height as the initial and final state valley. The well would be closed off from initial and final states by energy barriers equal to the β-term. As mentioned above, the position of (Fig. 4) , neglecting the Coulomb contribution. . It is fulfilled as soon as the approaching H-atom reaches a distance of 1.34 Å to the H 2 -molecule. Because of the equivalence of initial and final states, barriers at b = 1.34 Å and c = 1.34 Å would enclose the well situated in place of the saddle point. If additionally one includes the Coulomb contribution to the binding energy, the well between these two barriers deepens further by another 8 kcal, such that at low temperatures the H 3 -configuration should become practically stable. Figure 8 shows a section of the energy landscape of the reaction H + HBr → H 2 + Br calculated via Eq. (4 ) based on the curves displayed in Fig. 4 , in the same way as the diagrams in Figs. 5 and 7. The distances a, b and c are defined explicitly in Fig. 8a . The contour lines in Fig. 8 are displayed as full lines at the compression side (Fig. 4) , neglecting the Coulomb contribution. just up to the point where the energy unrealistically starts to decrease again, an artifact we discussed already in Fig. 5 . The first contour which shows this effect is included as a dashed line.
In contrast to the process involving three H-atoms, the reaction H + HBr → H 2 + Br represents true chemical change in which initial and final states are quite different. This is reflected in the asymmetric shape of the diagram, as well as in the different energy height of initial and final state corresponding to the heat of the reaction. Particularly striking is the effect that the final state valley stretches so far towards the c-axis that it ends practically right opposite to the extended axis of the initial state valley: the saddle separating the two valleys lies almost parallel to the c-axis.
This also affects the course of the reaction line which passes the activation saddle without much curvature and undergoes the crucial change of direction until well in the final state valley. We will discuss the dynamical implications of this behavior at a later stage. For now we just would like to mention that in the activated transition state, i. e. at the saddle point, the HBr-atom distance is just slightly extended by just about 0.1 Å with respect to the normal bond length. The height of the saddle is 26 kcal, compared to a value of 11 kcal for the β-component as given by 0.13 D HBr .
For our third example, the reaction H + HBr → H 2 + Br, the energy landscape is disturbed by the nonfactual energy decrease at the compression side to such an extent that we can only roughly sketch it in Fig. 9 . All features noted in the previous example are found to be more pronounced. The activation saddle is a straight continuation of the entrance valley, such that the transition state configuration of the Br 2 -molecule is not extended at all. The reason is that in this case the energy of the activation saddle is due entirely to the β-component of the heat of activation, (0.13 D Br 2 = 6 kcal).
Zero point energy contribution to activation
One may get an idea of how the zero point energy affects the activation process by following the changes which the vibrational features of the system of atoms undergo as the reaction proceeds. From Fig. 5 it is obvious that stationary vibrations, apart from those in initial and final state, can occur only at the energy saddle. The zero point energies of initial and final state are
In the case of three reacting H-atoms, H + H 2 → H 2 + H, initial and final state are identical such that ν 1 = ν 2 and η 1 = η 2 with η H 2 = hν H 2 2 . The vibration at the saddle in the case of Fig. 5 is directed along the diagonal. In Fig. 6 it corresponds to symmetrical linear motion of the two outer atoms with respect to the central atom which is at rest. As the energy surface curvature at the saddle, where this oscillation takes place, is much smaller than in the initial or final state valley (Fig. 10) , the quasi-elastic force driving the extended outer atoms towards the central atom is much weaker as the forces opposing the expansion of the atoms in the H 2 -molecule. As the moving masses are the same in both cases, it follows that the oscillation frequency must be significantly smaller than in the H 2 -molecule. Consequently the zero point energy at the saddle point η * = hν * 2 is much smaller than its initial value η H 2 . As the reaction proceeds, therefore, the total energy W abc − η increases as the zero point energy decreases, which means that the heat of activation given by
is reduced by the same amount (D and η 0 refer to the initial state, W * and η * to saddle point). Taking into account that the Coulomb terms will cause an additional significant flattening of the surface in the saddle point region (see Fig. 14) , one may conclude that η * can be only a small fraction of η 0 . To calculate the activation energy for H + H 2 → H 2 + H, therefore, one has to subtract almost the entire zero point energy of the H 2 -molecule, i. e. 6.2 kcal. This subtraction will be required for reactions involving other molecules as well, but as the zero point energies will be much smaller than for H 2 , it will not matter that much.
Recalculation of the reaction H + H 2 → H 2 + H based on theoretically calculated resonance and Coulomb curves
So far our calculations were based on the assumption that we can identify the binding energy with the resonance energy. In order to assess to what extent this impairs the results, we will now reconsider the only case for which separate theoretical calculations of the resonance as well as the Coulomb energy are available. Our treatment will be based on these theoretical functions for the reaction we have in mind, i. e. H + H 2 → H 2 + H, where we only need to know the dependence of resonance and Coulomb energy on the distance between the H-atoms, the functions f(r) and F(r). These were calculated according to equations given by Sugiura 8 based on the theory developed by Heitler and London 9 and subsequently plotted in Fig. 11 . 10 Analogous to Fig. 7 , we also present the resonance term (remaining after omission of the Coulomb term),
for the neighborhood of the activation saddle as a contour diagram in Fig. 12 . The shape of the energy landscape differs slightly from that shown in Fig. 7 . The saddle is replaced by a shallow basin separated from initial and final state valleys by low saddles on either side. In reality, such a basin would be hard to imagine, since by adding the Coulomb term it would be transformed into an energy well sufficiently deep for stable H 3 to be formed. However, we will not pursue this point any further, since the underlying functions are too crude approximations. One may best judge the extent to which they deviate from reality by comparing the curve F(r) + f(r) representing in principle the total potential energy with the empirical Morse potential curve ε H 2 in Fig. 11 . We will rather concentrate on the function F(r) (using an approximation described in the next section), whose magnitude is sufficiently small, such that its uncertainty is of no great consequence. The Coulomb contribution
9 Heitler and London, Z. Phys. 44, 455 (1927) .
10 In Sugiura's notation one has F(r) (Fig. 11 ).
is shown in Fig. 13 for the vicinity of the activation saddle of the resonance energy. In accordance with its additive character and negative sign (with respect to the activation energy) the Coulomb surface looks like a funnel-shaped well. As in Figs. 5 and 7, initial and final state valley floors are taken as the energy zero. As a consequence in a next step we would have to superimpose the Coulomb well of Fig. 13 on the resonance mountain of Fig. 12 to construct the final form of the energy landscape for the H + H 2 → H 2 + H reaction. We will not perform this operation, however, for the reason already mentioned above: because of the cumulative inaccuracies associated with the approximations involved, it does not seem worth a discussion. In our view an apparently more suitable approach consists of the semiempirical procedure followed in the next section, in which we combine the optically determined curve of the binding energy with the theoretically calculated Coulomb function.
Semiempirical method for the final calculation of the H + H 2 → H 2 + H reaction
Thus we assume, as implied by Heitler and London, that the binding energy is made up of two kinds of energy in such a way that for one kind the individual contributions just superimpose, while for the other they combine according to composition rules valid for the resonance terms. Further we suppose that the superimposable component may be represented by the function F(r) shown in Fig. 11 to about 10 or 20% accuracy. One may ask now, how the inclusion of this function as part of the binding energy will modify the picture that we obtained in Figs. 5 and 7 by treating the total binding energy -in a preliminary way -according to the resonance energy combination rules. In a first correction step we have to adjust the resonance hill on which we have to superimpose the Coulomb well of Fig. 13 to obtain the final answer. Strictly speaking, we would have to calculate the difference
and insert the result into Eq. (4 ). It did not appear worthwhile, however, to perform this minor correction in such a laborious manner, and even more so in view of the uncertainties of the procedure. Instead we take into account the reduction of ε H 2 due to the Coulomb term by a subtraction whose magnitude decreases from a maximum value in the activation saddle point region towards the initial and final state valleys, as suggested by the relevant curves in Fig. 11 . In the former region its magnitude amounts to almost constant 8% while at infinite separation it reduces to 1 kcal.
The correction has the effect that in the region of the activation saddle of the "resonance energy surface" the |D| − W abc is replaced by |D| − W abc · 0.92 − 1. This happens because the reduction of the resonance energies enters linearly into the expressions for the exchange energy of the atom system, as evident in Eq. (4 ). In addition, one has to subtract 1 kcal everywhere to obtain the correct energy zero (equal to the magnitude of the Coulomb energy at infinity).
The second step to consider the Coulomb energy components consists of superimposing the Coulomb well (Fig. 13) on the newly adjusted resonance energy landscape. The result is shown in Fig. 14. As one can see, the original saddle is much flatter and (Fig. 13 ) and the semiempirical ("reduced") resonance energy surface.
even forms a shallow basin. Its height is about 19 kcal. To obtain the activation energy, one has to correct this value for zero point energy. In our case, the corresponding reduction should almost equal the total zero point energy (see Fig. 10 ), resulting in an activation energy of about 13 kcal. According to experiments by A. Farkas 11 the true value lies between 4 and 11 kcal.
The discussion of the other two reactions H + HBr → H 2 + Br and H + Br 2 → HBr + Br for which we calculated the "resonance energy surface" (Figs. 8 and 9 ) has to remain rudimentary with regard to a similar extension of the treatment. If we assume that the Coulomb well has about the same depth as for the 3H-atoms, after subtraction of the zero point energy there remains an activation energy of 10 kcal for the first reaction, while it vanishes completely for the second. Precise measurements of the corresponding reaction rates are not available. Investigations by Bonhoeffer 12 demonstrate, however, that atomic hydrogen acts strongly on both HBr and Br 2 even at low pressure. Though it could well be that wall reactions are involved, one may note that M. Bodenstein 13 concluded from his measurements of the HBr formation rate that both reactions, H + HBr → H 2 + Br and H + Br 2 → HBr + Br have the same heat of activation. Further, he concluded from the observed inhibition of the induced chlorine/hydrogen reaction Cl 2 + H 2 → 2HCl by Br 2 , 14 that the second reaction must have a very low heat of activation. It is also known that the analogous reactions with chlorine instead of bromine show high reactivity as well.
These examples demonstrate in different ways that the adiabatic concept correctly reproduces the general attribute of free atom reactions, i. e. their relatively low heat of activation.
Dynamics of chemical change
In the foregoing discussion we have identified the height of the saddle point energy with the magnitude of the heat of activation and thereby assumed implicitly that, by adding an amount of energy equivalent to the saddle point energy to the reaction partners, it is possible to make them react. This assumption may be self evident, but, nevertheless, we feel it is worthwhile to explicitly test its validity. For that purpose we must investigate the motions that occur during the actual chemical transformation. This will enable us to find out what kind of energy (translational or vibrational) is required to activate the reaction.
15
In order to simplify the treatment to start with we assume that the central atom remains fixed during the reaction, because, e. g., its mass is very much larger than that of the two outer atoms. In this case the equations of motion take the form (if for further simplification one assumes equal masses for the outer atoms, m 2 = m 3 = m):
In terms of our contour plots of the potential as a function of b and c these equations allow for a very intuitive interpretation: they describe a sphere of mass m rolling across a potential energy surface subject to gravitational forces. For our purposes only the horizontal component of the motion matters. Also one has to keep in mind that the horizontal components of the forces acting on sphere rolling downhill are not just given by the magnitude of the local gradients Sv. v. Bogdandy and M. Polanyi, Z. Elektrochem. 33, 554 (1927) . 15 The pathway of steepest descent sketched in the figures above and denoted as "reaction path" would represent the true reaction line, if the central atom was fixed and the two outer atoms were moved in such a way that the reaction could proceed without the uptake or generation of translational energy. One should also keep in mind that the application of mechanical equations of motion is just an approximation valid for relatively short (deBroglie) wavelengths (i. e. large momenta).
where α and α are the local inclination angles, i. e. tan α = ∂ε ∂b and tan α = ∂ε ∂c .
If, however, we keep α and α small by choosing a large energy scale, the effect of the cos 2 -factors will be practically eliminated. Among the chemical reactions for which we constructed the potential fields in the previous section, there is none with a central atom of sufficiently large mass to allow for the application of the simplified equations of motion Eq. (13). On the other hand, as we would not like to refrain from using these readily comprehensible relations as a preparation for the treatment of the more complex general solution, for the time being we will describe the reaction by fictitiously keeping the central atom fixed.
What does the concept of a rolling sphere teach us with respect to the questions we raised at the beginning of this section? Firstly: If we put the sphere right at top of the saddle, pushing it however slightly will send it downhill. The kinetic energy it attains at the valley floor (neglecting the energy of the initial push) equals the saddle point energy. It follows that the reverse motion -from the valley floor up across the saddle -may be induced by providing the sphere with the corresponding kinetic energy, such that the activation energy enabling the atom system to proceed from the initial to the final state equals the height of the energy saddle.
Also the kind of motion (translation or oscillation) needed for activating the reaction may be determined using the picture of the sphere rolling down the slope of the saddle: the proportion to which the energy of the sphere arriving at the valley floor partitions among linear motion along the bottom of the valley (translation) and a pendular perpendicular motion (oscillation), conversely determines the ratio of translational to vibrational energy necessary to activate the reaction starting from the initial state.
It is the shape of the potential energy surface that determines which kind of motion prevails as the sphere rolls down the saddle: from saddle of the kind shown in Fig. 5 the sphere will move down the valley almost linearly, because the magnitude of the drop height down to the point where the trajectory has almost completed its turn is small. The corresponding drop height is large, if, as in Fig. 8 , the line of steepest descent crosses the saddle point almost parallel to one of the coordinates followed by a large fraction of the descent in the same direction. In that case the entire acceleration of the sphere rolling down in this direction will end as vibrational energy eventually. The characteristics of these two different energy landscapes causing this difference in behavior were discussed above in detail, where we concluded that in Fig. 5 we have mainly "α-type" heat of activation while in Fig. 8 "β-type" predominates.
We now would like to address the problem, to what extent, if at all, these relations between potential field and heat of activation are modified, as one takes into account the motion of the central atom we have neglected so far.
16 Figure 15 again shows the atoms X, Y, Z in the linear arrangement for the reaction. If we take the x-axis as indicated and number the atoms X, Y, Z as 1, 2, 3, respectively, the equations of motion are:
In order to make the connection with our potential fields, we have to express the variables x 1 , x 2 , x 3 , in terms of b and c. We write
and introduce
such that the equations of motion take the form
∂ε ∂c which just depend on the independent variables b and c, as in Eq. (13). Consequently, the implications of these equations also may be illustrated using the motion of the sphere on an appropriately constructed energy landscape ε as function of 
As a result, one can represent the motion of the system of atoms by the concept of a rolling sphere, if the description of the energy surface is based on a skewed coordinate system with non-equal scales where the angle ϕ and the scale ratio f are determined by Eqs. (24) and (25). As an example for such an energy contour diagram we again plot in Fig. 17 the energy landscape for the reaction H + H 2 → H 2 + H following this new prescription. As in this case m 1 = m 2 = m 3 , it follows that f = 1 and ϕ = 30
• . The sign of the square root in Eq. (25) was taken to be positive, such that the angle between coordinate axes becomes 120
• . This example immediately lets us realize the general relations between the potential energy surface and the heat of activation: at first we note that the match between energy saddle height and heat of activation is justified also in the general case, because also in the skewed coordinate system the fact always remains that the smallest possible push will send the image sphere from the saddle point down the final state valley.
However, the distribution of the heat of activation among translation and vibration can be a significantly different story if one takes into account the motion of the central atom. As it turns out, the correction always brings about an increase of the translational component: this is easily seen, if one takes the positive sign for sin ϕ (as we did in Fig. 17) , such that the angle between the axis becomes larger than 90
• . Looking at an activation energy surface distorted like in Fig. 17 immediately tells us that the amount of vibrational energy generated as the image sphere rolls from the initial into the final valley decreases as the angle becomes more obtuse. The factors causing the increase of ϕ thus increase the translational part of the activation energy. The value of ϕ according to Eq. (25) just depends on the mass ratio: it gets smaller as the central atom becomes heavier, and conversely the larger as the latter decreases in mass. It may be useful to collect the following limiting cases: The determination of the kind of energy that the heat of activation energy must provide to induce the reaction probably will be feasible for particular photochemical reactions, mainly photo-sensitized reactions and the chemical reactions of excited atoms. The information available for known reactions, however, so far is not sufficient for a comparison with theory to appear worthwhile. We would like to mention, however, that the high chemiluminescence yield observed in some atom reactions can be understood in terms of the theory. The chemiluminescence proves that during such reactions as, e. g., Na + HgCl → NaCl + Hg Na 2 + Cl → NaCl + Na .
A large amount of the energy released is converted into vibrational energy of NaCl . This is the kind of behavior we encountered in the examples of Figs. 8 and 9 as a signature of (exothermic) reactions with small α-activation energy. In this sense, it is in accord with theory that this behavior has been noted in all exothermic atomic reactions of this kind (by way of chemiluminescence) that show no retardation of the reaction whatsoever.
